In this study, a new technology of nitrogen removal from mainstream municipal wastewater is proposed. It is based on ammonium removal by ion exchange and regeneration of ion exchange material with 10-30 g/L NaCl solution with further nitrogen removal from spent regenerant by partial nitritation/Anammox process. Influence of regenerant strength on performance of ion exchange and biological parts of the proposed technology was evaluated. Moreover, the technology was tested in batch mode using pretreated municipal wastewater, strong acid cation (SAC) resin and partial nitritation/Anammox biomass. It was shown that with ion exchange it is possible to remove 99.9% of ammonium from wastewater while increasing the concentration of ammonium in spent regenerant by 18 times. Up to 95% of nitrogen from spent regenerant, produced by regeneration of SAC resin with 10 g/L NaCl solution, was removed biologically by partial nitritation/Anammox biomass.
INTRODUCTION
The Anammox process is mainly applied for treatment of highly concentrated ammonium streams, such as anaerobic digestion reject water, and the number of full-scale plants is constantly growing. Currently, there is a big interest in application of the Anammox process in nitrogen removal from the main stream of municipal wastewater. Since no organic carbon is consumed during the process more biogas can be produced from the organic content of the wastewater. This can be done for example by wastewater treatment in an upflow anaerobic sludge blanket (UASB) reactor or removal of organic matter by floculation with following digestion.
However, there are several challenges of partial nitritation/Anammox process:
• Low yield of Anammox bacteria. According to Strous et al. () yield of Anammox bacteria is 0.052 g/g N. Lower yield together with low inflowing nitrogen concentration (around 25-50 mg NH 4 -N/L) leads to low production of Anammox biomass per 1 m 3 of treated wastewater. Therefore, effective retention of Anammox biomass in a reactor is important.
• Low rates. Lower temperature of mainstream wastewater leads to lower rates of nitrification and Anammox processes. The reported activation energies for nitritation and Anammox processes are similar and are in the ranges of 60-72 kJ/mol (van Hulle et al. ) and 63-85 kJ/mol (Dosta et al., ; Fernández et al. ) respectively. Therefore, decrease of temperature from 30 W C (temperature in reactor treating reject water) to 15 W C (temperature of municipal wastewater during winter period) should lead to a decrease of rate by 71-83%. Moreover, further decrease of rate can be expected because of lower ammonium and nitrite concentrations in the reactor.
• Nitrite-oxidizing bacteria (NOB) suppression. In the recent studies on application of Anammox process for mainstream municipal wastewater treatment, it was shown that the biggest challenge is controlling competition between ammonium-oxidizing bacteria (AOB) and NOB for oxygen and between NOB and Anammox for nitrite (Wett et al. ) . Selection of AOB over NOB is not always successful because of lower activation energy of the nitrite oxidation process and consequently higher growth rate of NOB (comparing to AOB) at lower temperatures. Moreover, inhibition of NOB with free ammonia, the mechanism that is often used for NOB suppression in reject water treatment, is not possible because of low ammonium concentration in treated municipal wastewater.
A possible solution for overcoming the above-described limitations is a two-step process with concentration of ammonium from municipal wastewater by ion exchange followed by removal of ammonium from concentrated solution by partial nitritation/Anammox process. Ion exchange gives the possibility to selectively concentrate ammonium ions without concentrating un-ionized inorganic and organic substances and suspended material. Several ion exchange materials can be used for ammonium concentration such as natural and synthetic zeolites and strong acid cation (SAC) resin. Application of natural zeolite of clinoptilolite type for ammonium removal from wastewater is extensively studied due to its selective ion exchange properties (Hedström ) . SAC resin has higher exchange capacity than natural zeolite and was proposed for ammonium removal in a number of studies (Leaković et al. ; Chen et al. ) .
After the exchange capacity of ion exchangers is exhausted it can be regenerated by contacting with NaCl solution. However, the NH 4 þ ↔ Na þ exchange is not complete and the spent regenerant has high residual NaCl content. Salinity has a negative impact on activities of AOB and Anammox bacteria. However, it was shown that with a step-wise increase of NaCl concentration it was possible to adapt bacteria to salinity of 30 g/L (Windey et al. ) .
The aim of this work was to test the proposed two-step technology of ammonium removal in batch mode and discuss the possibilities and challenges of its application. SAC resin was used to concentrate ammonium from real wastewater with further removal from spent regenerant by partial nitritation/Anammox process. Impact of regenerant strength on performance of the concentration process and biological nitrogen removal was also studied.
MATERIALS AND METHODS

Ion exchange experiments
Concentration of ammonium was studied using a glass column with diameter of 10 mm filled with 30.5 mL of SAC resin KU-2-8 in sodium form (sulfonated polystyrene type, divinylbenzene content -8%, grain size -0.6-1.2 mm, and total static capacity -1.8 eq/L). In total, eight runs of exhaustion/regeneration were performed using both synthetic (runs 1-3) and municipal (runs 4-8) wastewater. Synthetic wastewater had ion content similar to municipal wastewaterammonium concentration of 40 mg NH 4 -N/L, other cations in concentrations as described in Semmens et al. () and pH of 6.2. Municipal wastewater, after organic matter removal in UASB reactor, filtered through a filter with pore size of 1.6 μm was used. After breakthrough detection, the resin was regenerated counter-currently with 10-30 g/L NaCl solution.
Biomass
Kaldnes rings (K1) with partial nitritation/Anammox biomass were taken from a pilot-scale moving-bed biofilm reactor treating reject water and located at Hammarby Sjöstadsverk research station in Stockholm (Yang et al. ) . Based on the results of microscopical characterization of biomass (Winkler et al. ) , the main groups of microorganisms in the biofilm were Anammox bacteria and AOB.
Activity tests
Activities of AOB, NOB, and aerobic heterotrophs were determined by oxygen uptake rate (OUR) tests. The tests were done using methodology based on addition of specific inhibitors of AOB and NOB, which is described in detail in Surmacz-Gorska et al. (). Specific activity of Anammox bacteria (SAA) was determined by the methodology, described in Dapena-Mora et al. (), which is based on gas pressure measurement.
Partial nitritation/Anammox batch tests
The first 700 mL of spent regenerant, obtained in a preceding ion exchange experiment, was supplemented with 8.4 mg of NaHCO 3 per mg of NH 4 -N, which corresponds to 135% of theoretical alkalinity needed for removal of ammonium through the partial nitritation/Anammox pathway, and a filling volume of 250 mL of biomass carriers was added. Mixing was provided by a magnetic stirrer and dissolved oxygen (DO) was controlled at the level of 1.5 mg/L in the first test and was decreased to 1.0 mg/L in the other two tests. The tests were performed at 22 W C.
Depending on the course of nitrogen removal, pH changed in the range of 7.4-7.9. Samples were analyzed for ammonium, nitrite, and nitrate using Hach-Lange standard cuvette tests.
RESULTS
Influence of NaCl concentration on partial nitritation/ Anammox process performance
Influence of NaCl concentration on nitrogen removal through partial nitritation/Anammox pathway was evaluated separately for the two biological stepsnitritation and Anammox by short-term OUR and SAA tests, respectively, which were done at salinities of medium in the range 0-30 g/L. Results of OUR tests (Figure 1(a) ) showed that with increase of salinity the activity of both AOB and heterotrophs decreases. Activity of NOB was on the very low level. Therefore, the impact of salinity on these microorganisms cannot be evaluated. Increase of NaCl concentration to 10 g/L leads to decrease of AOB activity by 20-40% and further increase to 30 g/L causes loss of 70-80% of activity.
Results of SAA tests (Figure 1(b) ) showed that inhibition of Anammox bacteria is stronger than for AOB. At NaCl concentration of 10 g/L between 25 and 60% of activity in unstressed conditions can be expected. Increase of salinity to concentrations over 15 g/L leads to activity decrease to the detection limit of the method. These results are in agreement with previous studies ( 
Influence of regenerant strength on performance of ammonium concentration by ion exchange
Experiments with different regenerant strength (10, 20, and 30 g/L NaCl solutions) were made aiming to find a balance between effectiveness of the ammonium concentration process and biological nitrogen removal. In these experiments, SAC resin was saturated with ammonium from synthetic wastewater and then regenerated with application of regenerant of different strength.
Breakthrough curves of the three runs (Figure 2(a) ) follow the same pattern, since wastewater content and flow rate remained the same in the three runs. Ammonium breakthrough capacity (calculated as capacity when C eff ¼ 0.05C in ) of 0.38 eq/L was reached. Regeneration of resin (Figure 2(b) ) with NaCl solutions of different concentrations required different volume of regenerant for complete ammonium recovery. The concentration of ammonium in spent regenerant was 239, 382, and 508 mg/L when 10, 20, and 30 g/L NaCl solutions, respectively, were used as regenerant. Therefore, it was possible to concentrate ammonium from synthetic wastewater with a 6-12.7-fold increase of concentration.
Ammonium concentration from municipal wastewater
In order to confirm the results, obtained with synthetic wastewater, five runs of exhaustion/regeneration were performed, where pretreated municipal wastewater as a source of ammonium was used. In the first two runs regenerant with NaCl concentration of 30 g/L was used, whereas in the latter three runs a less concentrated 10 g/L NaCl solution was used.
Breakthrough of ammonium in the five runs with municipal wastewater was detected after passing 4-6.5 L of wastewater (Figure 3(a) ), and such a difference was caused by different initial ammonium concentration in separate runs. Run 5 was stopped just after reaching breakthrough, whereas the other runs were allowed to continue until reaching one-quarter of the of initial ammonium concentration.
Regeneration of resin after application of municipal wastewater followed the same pattern, and for complete regeneration it was necessary to supply 0.33 and 0.7 L of regenerant when 30 and 10 g/L regenerant was used, respectively. These results are in agreement with the results of runs 1-3, where synthetic wastewater was used. Results of run 5 demonstrate that it is possible to reach efficiency of ammonium removal of 99.9% and still increase ammonium concentration by 18 times (Table 1) .
Ammonium removal from spent regenerant using partial nitritation/Anammox process According to results of the short-term activity tests, spent regenerant of runs 4 and 5 had a NaCl content which would totally inhibit AOB and Anammox bacteria. Therefore, biological removal of nitrogen from spent regenerant of these runs was not tested. Nitrogen removal from spent regenerant of runs 6-8 was performed in three separate medium-term batch tests and removal efficiency of up to 95% was reached ( Table 2 ). According to Anammox stoichiometry maximal efficiency of partial nitritation/Anammox is 89%, which indicates that part of the nitrogen was removed by heterotrophic denitrifiers. Such efficiencies were also observed in the pilot-scale reactor from which the biomass was taken (Yang et al. ) .
During the first batch test, DO concentration was kept at 1.5 mg/L, which led to high residual nitrite concentration. Therefore, in the following two batch tests DO concentration was maintained at 1.0 mg/L and no nitrite accumulation was observed. With these tests, it was shown that spent regenerant could be treated with the partial nitritation/Anammox process with high efficiency.
DISCUSSION
Ion exchange
The results presented above showed a possibility of combining ion exchange with autotrophic nitrogen removal. possible both when the synthetic wastewater and pretreated municipal wastewater was used. In this study, SAC resin was used as an ion exchange material, which has high exchange capacity and fast regeneration rates. However, it is not selective to ammonium ion and will concentrate also other ions from wastewater. Other ion exchange materials, which are more selective for ammonium, can also be applied. Zeolite rock of clinoptilolite type was used for ammonium removal in a number of studies and reported concentrations of ammonium in spent regenerant were in the range of 100-280 mg when 17.5-35 g/L solution of NaCl was used for regeneration (Semmens & Porter ; Liberti et al. ) . Therefore, with natural zeolites a lower concentration of ammonium can be reached, but the removal of ammonium is more selective.
Concentration of ammonium ions from wastewater was
Process schemes
There are several possibilities for integration of ammonium removal with ion exchange into the municipal wastewater treatment process configuration. Since organic matter is not retained by ion exchange material in considerable amounts and therefore does not enter the partial nitritation/Anammox reactor, removal of ammonium can be placed either before or after the organic matter removal step. The first option is to remove ammonium after the steps of primary treatment and high-rate activated sludge (HRAS) process (Figure 4(a) ). In order to avoid clogging of the ion exchange column and high content of organics in spent regenerant, it is necessary to have a preceding step of suspended solids removal, for example using sand filters, before the ion exchange step. The disadvantage of this system is that careful control of sludge age is needed in order to limit the nitrification process. Some ammonium still will be converted to nitrite and nitrate and be present in the effluent.
Another option is to apply anaerobic digestion of organics (e.g. in UASB reactor) instead of the HRAS step (Figure 4(b) ). In this case, all ammonium content from the wastewater can be removed.
Alternatively, ammonium can be removed by ion exchange before the organics removal step, which can be either of aerobic type (e.g. activated sludge process) or of anaerobic type (e.g. using UASB reactor) (Figure 4(c) ). The disadvantage of this system is that careful control of nitrogen supply to the following step of dissolved organics removal is needed. Bacteria need nitrogen as a nutrient for their cell growth; therefore, a low level off ammonium needs to be left in the wastewater after the ion exchange step. If too much ammonium is supplied it will cause lower overall nitrogen removal efficiency.
Technology limitations and advantages
The main challenge of biological treatment of spent regenerant is to adapt biomass to elevated salinities. As mentioned earlier, bacteria can adapt to salinity of 30 g/L when stepwise increase of salinity is provided. However, this adaptation period can be a long-term process and the adaptation strategies need to be further studied. Another limitation is that based on stoichiometry of nitritation and Anammox processes, 1.17 moles of alkalinity needs to be added per 1 mole of ammonium nitrogen. Moreover, treated spent regenerant can be recycled for ion exchange material regeneration, but part of it needs to be exchanged because of accumulation of other ions in it. Nitrate is inevitably generated due to the Anammox reaction and its removal from the high-concentrated stream needs to be done by denitrification in a separate reactor and supply of external carbon source and/or recharge of regenerant. Despite the limitations of the technology, it offers several advantages. First, very high efficiency of nitrogen removal by ion exchange (up to 99.9% as shown in this study) can be reached. The efficiency of nitrogen removal of the whole system was in the range of 83-91%. Secondly, NOB suppression is reached more easily, because: (1) higher nitrogen concentration allows the use of free ammonia to inhibit NOB; (2) NOB are more sensitive to NaCl (Liu et al. 
);
(3) since regenerant is recirculated, it is more feasible to increase the temperature of regenerant, so that AOB growth rate is higher than that of NOB and higher total rates of nitrogen removal could be maintained. Moreover, since ammonium concentration in inflow to the bioreactor is high, comparing to mainstream condition, it is easier to maintain high Anammox biomass concentration. For startup of the process, developed biomass from the reject water treatment plant may be used for inoculation. Comparing to other proposed technologies, where ammonium is concentrated from wastewater by ion exchange and then removed through nitrification/denitrification (Semmens & Porter ) or electrolysis (Shelp & Seed ) , the economics of the proposed technology is better, since external carbon addition or high electricity consumption is not required.
CONCLUSIONS
Using SAC resin, it is possible to concentrate ammonium from municipal wastewater with increase of ammonium concentration by nine or 18-22 times if NaCl solution with concentrations of 10 or 30 g/L, respectively, is used as regenerant. Inhibition of AOB and Anammox bacteria by NaCl was studied in short-term tests, and it was shown that at NaCl concentration of 10 g/L partial nitritation/Anammox biomass is inhibited only partially. Therefore, non-adapted biomass can be used for removal of ammonium from the spent regenerant of ion exchange. These results were confirmed in mediumterm tests, where partial nitritation/Anammox biomass was used to treat spent regenerant, obtained in previous ion exchange experiments. Based on the obtained results, it can be concluded that it is possible to combine ion exchange with partial nitritation/Anammox process for removal of nitrogen from mainstream municipal wastewater. Using this technology, it is possible to better control NOB suppression. However, external alkalinity need is the major obstacle.
